By properly reallocating the joint positions of pin-jointed planar linkages, all types of reconfiguration characteristics, excepting the change of contact constraints in kinematic pairs, can be obtained. Given the simplicity of this fact, a modular design approach, a general principle of decomposing products into components, is proposed in this work for the assembly of reconfigurable linkages from scratch. The suggested modular component can be modeled as a binary link of variable length, a revolute-prismatic-revolute kinematic chain with an actuated slider joint. The proposed module is discussed and some preliminary results of its design and implementation are shown. A description of some of the applications in reconfiguration of this modular concept, including the design of linkages with changing number of links, variable mobility, and varying geometry, is presented.
INTRODUCTION
From a practical viewpoint, a kinematic chain, or linkage, is essentially the skeleton of a machine, namely, the system that supports its physical elements and constrains its motion when exposed to forces and displacements. Alternatively, linkages can be defined as mechanisms with rigid bodies interconnected by kinematic pairs or, in simpler words, assemblages of links and joints [5] . In any case, a linkage can be modeled as a system of geometrical constraints, that is, a group of geometrical elements -e.g., points, lines, circles, polygons-subject to geometrical measures -e.g., angles, lengths, areas, volumes-and geometrical relations -e.g., ratios, congruences, tangencies, contacts.
In the design and mechanics of linkages, such system of geometrical constraints has been historically considered as invariable. However, given the advances in the last century in, principally, the analysis and synthesis of mechanisms, the computeraided design (CAD) systems, and the techniques for rapid prototyping, researchers and inventors have started to conceive and study linkages whose geometrical ele-ments, measures, and/or relations can vary in some state of their operation. This kind of mechanisms are called reconfigurable linkages; although they were not included as one of the principal topics in the 21st century kinematics [9] , they are indeed one of the main trends in the area, and in general in mechanisms and machine science, as evidenced by the multiple works that can be found in the literature since the mid-1990s -see, for instance, [21] and the references therein.
The practical relevance of reconfigurable linkages is evident due to their ability of working in multiple phases and configurations, with a single system, by changing their topology, including their mobility, or geometry. Linkage topology corresponds to the structural parameters of a kinematic chain. Then, using the model of linkages as systems of geometrical constraints, such information basically relates to the number of geometrical elements and the types of geometrical relations between them. In this case, linkage geometry refers to the geometrical measures in the system. Some examples of reconfigurable kinematic chains include the kinematotropic linkages [16] , the mechanisms with variable kinematic joints [18] , the discontinuously movable linkages [8] , the metamorphic mechanisms [2] , and the variable geometry trusses [10] . In fact, some well-known electromechanical systems, such as the parallel robotic manipulators, can be considered as particular cases of reconfigurable linkages.
Modularity has been extensively addressed in design studies [4] . This term usually refers to the strategy of decomposing a product into relatively independent components. These modules may have different levels and types of functions that increase the variety and adaptability of the final product configuration or assembly. In linkages, modularity has been principally explored in kinematics, particularly, in position analysis of planar kinematic chains. Modular kinematics refers to the idea of analyzing a linkage by dividing it into a sequence of fundamental modules -i.e., basic elements in which a planar kinematic chain can be built up-in order to systematically obtain a system of kinematic equations [1] . Some of the recognized modular components of planar linkages are links and joints, independent loops, single-opened chains, Assur groups, and Baranov trusses.
Given that links and joints are the simplest modular components of a kinematic chain and that any higher order link -i.e., links with more that two points of connection-can be triangulated; we propose as basic module, for the assembly of pin-jointed reconfigurable linkages, a binary link of variable length, that is, a revolute-prismatic-revolute kinematic chain with an actuated slider joint. Thus, the changes in topology and geometry of the linkage are achieved by properly reallocating its joint positions. This simple approach, as it will be discussed later, allows to get all types of reconfiguration characteristics, excepting the change of contact constraints in kinematic pairs. A related perspective to this modular idea for reconfiguration is described in [20] , the authors present a module constructed by a link a two coupled joints to perform several reconfiguration techniques but the discussion is limited to a topological concept.
The rest of this paper is organized as follows. Section 2, using a model of pinjointed planar linkages as graphs -joints as vertices and links as edges, discusses about reconfiguration characteristics using reallocation of joint positions. Section 3 shows the preliminary design and implementation of the proposed modular component for reconfigurable linkages. Some applications in reconfiguration using the suggested module are presented in section 4. The examples include the design of linkages with changing number of links, variable mobility, and varying geometry. Finally, some concluding remarks are presented in section 5.
RECONFIGURATION BY VARIABLE ALLOCATION OF JOINT POSITIONS
A mechanism is a constrained system of bodies designed to convert motions of, and forces on, one or several bodies into specific motions of, and forces on, the remaining ones [5] . Linkages are, in general terms, mechanisms with rigid bodies, or links, interconnected by kinematic pairs, or joints. In the case of planar linkages, that is, linkages whose links lie in parallel planes, such contact constraints between links correspond to revolute and prismatic joints. A linkage is reconfigurable if its topology or geometry changes during the linkage operation. If we model a linkage as a graph, with joints as vertices and links as edges, linkage topology refers to the type, number, adjacency, and incidence of joints and links. Linkage geometry relates to the relative geometrical relations between joints and links such as the relative distance between connected joints, given by the allocation of joint positions, the relative angle between adjacent links, or the relative angle between joint axes. Some researchers generalized this last instance as the dimensional constraint type between joints, thus including other particular geometrical relations between the joint axes -e.g. intersection at a common point- [19] . A view specially profitable when analyzing spatial reconfigurable linkages.
The main structural parameter of a linkage, regardless if it is planar, spherical, or spatial, is its mobility. A characteristic normally defined as the number of independent coordinates needed to define the configuration of a linkage [5] . A linkage configuration is an assignment of positions and orientations for all links given a possible relative geometric transformation between them, that is, an assembly mode. Alternatively, we define mobility as the minimum number of geometrical constraints that has to be added to a linkage with given dimensions to get a discrete number of assembly modes. In any case, mobility is a topological parameter of a linkage. In contrast, instantaneous mobility, or local mobility, defined as the mobility of a linkage in a particular configuration or set of link dimensions, is a characteristic that depends on both the topological and geometrical elements of a linkage. This distinction is made taking into account results published in the last years on the mobility calculation of mechanisms and other related topics [13] [14] [15] .
According to Kuo et al. [7] , a linkage can be considered as reconfigurable if during its operation at least one of the following features varies: a) the effective number 590 I-Ming Chen, Marcelo Ang, Guilin Yang, Kin Huat Low and Albert Causo (Eds.) Fig. 1 . Almost all types of reconfiguration can be obtained by a proper reallocation of joint positions in a linkage. See text for details. of links and/or joints, b) the kinematic type -i.e., the contact constraint-of some joints, c) the adjacency and incidence of links and joints, and d) the relative arrangement between joints, or more generally, the relative geometrical relation between joints and links. In their work, Kuo et al. [7] consider that changes in the characteristics a, b), and c) contribute to the topological variability of a linkage while variations in d) do not. We consider this distinction is not generally true because some geometrical rearrangements in a linkage may yield to changes in, for instance, the number of effective links and joints. In fact, the authors in [7] seem to agree with this but their discussion is a bit ambiguous. We make an effort for clarifying this point by using a simple example. Figure 1 (left) presents a pentad, a Baranov truss with two independent loops and up to six assembly modes. A Baranov truss is a non-overconstrained closed pinjointed planar linkage of mobility zero from which an Assur group can be obtained by removing any of its links [12] . The pentad is a five-link structure composed by two ternary links and three binary links joined by six revolute joints. According to the notation of Fig. 1(left) , the six revolute pair centers of the linkage define the line segments P 1 P 4 , P 2 P 5 , and P 3 P 6 , corresponding to the binary links, and the triangles P 1 P 3 P 2 and P 6 P 4 P 5 , corresponding to the ternary links. Now, let us suppose we fixed the location of the ternary link associated to P 1 P 3 P 2 , if we can freely reallocate the position of the revolute pair centers P 4 , P 5 , and P 6 , that is, we make variable the lengths of all the binary links [ Fig. 1(center) ], the ternary link associated to P 6 P 4 P 5 can, in general, be located in any position respect to the fixed ternary link. In this way, by a change in the relative geometrical relation between joints and links we have modified the linkage mobility, a topological parameter. In this case, from zero to three. The resulting mechanism of this exercise is the widely known 3-RPR planar parallel manipulator, a robot that consists of a moving platform connected to the ground through three revolute-prismatic-revolute kinematic chains with each prismatic joint actuated [11] .
Following with the pentad, another kind of topology variation can be obtained by using reallocation of joint positions. If the rotation axes of joints P 4 , P 5 , and P 6 are coincident lines, that is, if the ternary link dimensions associated to P 6 P 4 P 5 are reduced to a single point, say Q, the resulting linkage is the 4-link truss depicted in Fig. 1(right) . In this case, by changing the relative geometrical relation between some joints in the pentad, the effective number of links and joints as well as their corresponding adjacency and incidence have been modified without altering the mobility degree.
The above example can be extended and applied to different linkages in a similar fashion. Hence, we argue that a proper reallocation of joint positions in a linkage may result in all types of reconfiguration characteristics, except for the one related to the change of the contact constraint in kinematic pairs. Given this consideration and its simplicity, in next section we present the preliminary design and implementation of a module that can be easily combined for the assembly of pin-jointed reconfigurable planar linkages based on the principle of variable allocation of joint positions.
THE PROPOSED MODULE
The suggested modular component for the assembly of pin-jointed reconfigurable linkages is a binary link of variable length, a revolute-prismatic-revolute kinematic chain with an actuated slider joint. The module corresponds to a straight conveyor platform with a hinge hole in one of its ends and a second one travelling on it. The hinge hole axes are parallel to each other and perpendicular to the conveyor direction of motion. The center of rotation of the movable revolute joint, that is, the position of the adjustable hinge hole, is fixed by an electromagnetically actuated bistable pin lock mechanism thus allowing the full de-energization of the module when the transformation process is finished. Fig. 2(center-top) presents the current CAD model of the proposed design, it is composed of three main parts:
1. Structural framework. 
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guiding, b, the movement of the second one. The structure also provides support, c, for the shafts of the two sprockets that constitute the conveyor system. The frame is composed of two symmetric components, d, that, when combined, form the whole structure. A set of holes, e [see Fig. 2(center-top) ], is provided in the guide area for supporting the lock mechanism of the movable revolute joint. In the present design, the distance between the sprocket shafts is 27.5cm. Fig. 3 . A prototype of the current modular component design.
2. Conveyor system. The conveyor system provides the linear sliding movement between the fixed revolute joint, associated to the hinge hole located in the structural framework, and the movable one [ Fig. 2(right) ]. The system is very simple, based on a roller chain, f, with two sprockets, g, one of them actuated by an electric motor. In the current design, the radius of both sprockets is 0.8cm.
3. Movable joint. The movable joint is basically a hinge hole with a locking system [ Fig. 2(center-bottom) ]. Such mechanism is based on the electromagnetically actuated bistable magnetic latching pin lock proposed in [6] . In our case, a total of 24 pins, h, are deployed for locking the system, these pins must fit into the holes provided by the structural framework. A set of teeth, i, is used for engaging the movable revolute joint to the conveyor system. The proposed locking mechanism is currently under development. Figure 3 presents a prototype of the present design. A Connex 350 3D printer, with VeroGray as material, was used for implementing the structural framework, sprockets, sprocket shafts, and the model of the movable joint system. In the prototype, a B300MXL Timing Belt works as roller chain and the driver sprocket is actuated with a Pololu Micro Metal Gearmotor 50:1.
SOME APPLICATIONS IN RECONFIGURATION
The module introduced in last section can be straightforwardly used for the application of the principle of variable allocation of joint positions. By combining several modules, pin-jointed planar linkages with different reconfiguration characteristics can be assembled. Next, examples of linkages of variable topology and variable geometry, that use exclusively the proposed modular component, are discussed. Such particular instances are used to show the potential of the modular approach as a suitable framework for performing research in reconfigurable linkages as well as for giving rise to novel applications of reconfiguration. Figure 4 (a-left) shows a 6-link planar truss composed of four binary links and two ternary links joined by six revolute joints. The points P 1 , P 2 , P 3 , P 4 , P 5 , and P 6 are the revolute pair centers of the linkage. In this truss, note that once P 4 , P 5 , and P 6 have been located on the plane, point P 2 can be positioned in 4 different locations. This fact implies that if the binary link connecting the joint centers P 2 and P 5 is removed, the resulting linkage is still a truss, a kinematic chain of mobility zero. Actually, any of the four binary links can be disconnected without altering the linkage mobility. Figure 4 (b-left) shows the resulting mechanism, a pentad, if the binary link connecting P 1 and P 6 is the one detached. The reconfiguration in this case is given by the modification in the effective number of links. This theoretical idea can be easily implemented using the proposed module. A conceptual design of the 6-link planar truss assembled using 10 modular components is depicted in Fig. 4(a-right) .
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The change in the effective number of links is achieved by simply unlatching the pin lock mechanism of the desired binary link -exemplified by coloring in red the binary link connecting P 1 and P 6 in Fig. 4(b-right) .
Variable mobility.
Figure 4(c-left) presents a 9-link truss whose conceptual design using the proposed modular component is depicted in Fig. 4(c-right) . This linkage, composed of nine binary links and six revolute joints, is a hexagon with three diagonals, the ones whose end points belong to non-consecutive edges. Since the revolute pair centers, say P 1 , P 2 , P 3 , P 4 , P 5 , and P 6 , and the corresponding line segments in the linkage form a complete bipartite graph, with one set of nodes defined by P 1 , P 4 , and P 5 , 594 I-Ming Chen, Marcelo Ang, Guilin Yang, Kin Huat Low and Albert Causo (Eds.) and the second by P 2 , P 3 , and P 6 , we can call it the "K 3,3 mechanism". Dixon, in a remarkable research at the turn of the 20th century, detected two special instances of this linkage [17] , namely, when: (1) where s i,j is the squared distance between P i and P j . In these two particular cases, the K 3,3 mechanism becomes flexible, gaining one degree of mobility. Thus, by simple adjusting the distances between joints in the conceptual design of Fig. 4 (cright), according to the results of Dixon, we can switch between a truss and a linkage of mobility one. This reconfiguration of local mobility, that is, a change in mobility without modifying any other topology characteristic, is possible for any structure whose geometrical conditions for deformation are known.
Let us see now a second instance, in this case, the modular component is used in a linkage for changing its mobility by modifying the effective number of links and joints. Figure 5 (top-left) shows a four-bar linkage, a conceptual design using the proposed modular component is depicted in Fig. 5(top-center) . Fig. 5 (top-right) presents a conceptual prototype using modular components implemented with laser cut acrylic. If we relax the distance constraint between the revolute joint centers P 3 and P 4 , considering that the ternary link associated to P 3 P 4 P 5 is built using binary links, that is, the coupler point P 5 is indeed a revolute pair center, the fivebar linkage of Fig. 5(bottom-left) is obtained. This transformation can be easily made with the proposed modular component by unlatching the pin lock mechanism of the binary link connecting P 3 and P 4 . Fig. 5(bottom-right) shows the four-bar linkage conceptual prototype, a mechanism of mobility one, after its conversion to a five-bar linkage, a mechanism of mobility two. Fig. 5(bottom-center) presents the corresponding conceptual design. A related example of this kind of transformation, but in the spherical case, is discussed in [3] .
Linkages of variable geometry
We consider linkages of variable geometry as mechanisms that, without modifying their topology, change: i) the relative distance between connected joints (link dimensions), ii) the relative angle between adjacent links, and/or iii) the relative angle between joint axes. For instance, using these changes, a linkage can adjust the rotatability of some of its links, transform the path followed by a coupler point, in linkages of mobility one, enlarge its usable workspace, in linkages of mobility two or more, or modify the orientation of some of its links. In the planar case, by definition, a rearrangement of the relative angle between joint axes has no sense; but the other two geometrical reconfigurations can be obtained by simple changes in the link lengths, the natural operation of the proposed module.
CONCLUSIONS
A module for the assembly from scratch of pin-jointed planar linkages with variable allocation of joint positions has been proposed. Such simple principle allows to obtain all types of reconfiguration characteristics, except for the one related to the change of the contact constraint in kinematic pairs. A description of some of the applications in reconfiguration of the introduced modular component has been presented and preliminary results of its design and implementation have been shown. The proposed approach seems very useful for undergraduate teaching in creative design of mechanisms. Moreover, we expect that a research following the suggested strategy results in new theoretical deductions such as novel methods for global kinematic analysis and synthesis, design methodologies for transformation, and transformation control schemes as well as in the development of original linkages of practical use.
